We demonstrate that zero-energy Majorana bound state, in the ferromagnetic insulator (FI)-superconductor (SC) junction formed on the edge of two-dimensional topological insulator, exhibits three types of spin-triplet pairing correlations and its spin polarization direction is position independent in ferromagnetic insulator. When an electron is injected with a spin (anti-)parallel to this direction, equal-spin Andreev reflection exhibits the widest (narrowest) resonance peak. Similar behaviour is found when the coupling between two Majorana bound states in a FI-SC-FI junction is invoked, though an additional weak spin-singlet pairing correlation is generated. These signatures can readily facilitate the experimental detection of spin-triplet correlations and spin polarization of Majorana bound states. . Two spatially separated MBSs can define a qubit that stores information non-locally and is robust against local sources of decoherence [5] , which together with its nonAbelian statistics [3, 4] make it exhibit potential applications in quantum information and quantum computation [6] . Several theoretical proposals were raised to realize such states, like topological insulators proximity-coupled with superconductors [7] [8] [9] [10] , semiconductor-superconductor heterostructures [11] [12] [13] [14] , and magnetic-atomic chains on superconductors [15] . Recently, intensive theoretical and experimental efforts have been made to verify the existence of MBSs in these systems by employing charge transport properties [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . However, few attention has been paid to the spin related phenomena of MBSs [29] [30] [31] [32] . Furthermore, the in-depth classification of spin-triplet correlations and spin polarization of MBSs are yet unclear [33, 34] , especially those in twodimensional topological insulator systems. And these characteristics are closely related to the resulting unusual spinrelated transport, like the intriguing selective equal-spin Andreev reflection [29, 31] .
In this Letter, we present a systematic study of spin-pairing correlations and spin polarization of MBS/MBSs in ferromagnetic insulator(FI)-superconductor(SC) and FI-SC-FI junction formed at the boundary of a two-dimensional topological insulator. For the FI-SC junction, we find a zero-energy MBS, which possesses three types of spin-triplet pairing correlations and its spin polarization orientation remains unchanged in the ferromagnetic insulator regime. When two MBSs are coupled in the FI-SC-FI junction, an additional weak spinsinglet pairing correlation is generated. In both cases, the dominated spin-triplet correlations induce strongly contrasted widths of equal-spin Andreev reflection peaks for injected electrons with different spin polarizations. As a consequence, the spin-pairing correlations and spin polarization of MBSs could be experimentally detected in the spin-related transport measurements.
Model and Formalism-. We consider two different onedimensional setups, which are FI-SC and FI-SC-FI junctions formed at the boundary of a two-dimensional topological insulator as displayed in Figs. 1(a) and 1(b) . The onedimensional edge states proximity-coupled with bulk ferromagnetic insulator and s-wave superconductor [7] can be described by the following Bogoliubov-de Gennes equation in the representation spanned on the basis of {ϕ ↑ , ϕ ↓ , ϕ 10]:
where σ = (σ x , σ y , σ z ) and υ F are respectively Pauli matrices and Fermi velocity of the topological-insulator edge states. The proximity effects are reflected by the magnetization m and pair potential ∆e iφ that occur only at the ferromagnetic insulator and superconductor regimes separately. In Fig. 1(a) , the magnetization m is set to be (0, 0, m L ), and in Fig. 1(b) it is set to be (0, 0, m L/R ) at the left/right sides of the superconductor. In our calculations, the phase φ of pair potential plays no role and thus is set to be zero in below. The chemical potential µ(x) is determined with respect to the Dirac point and is assumed to be independently tunable via gating or doping in each regime [35] .
By solving Eq. (1), one can obtain the wavefunctions in the junctions shown in Fig. 1 , e.g., the wavefunction in the left ferromagnetic insulator region of Fig. 1 
Here, the wavefunction is obtained under the condition of µ SC is much larger than ∆. b and c are coefficients of wavefunctions that are coherent superpositions of electron and hole excitations, and can be obtained by solving the continuity condition at the interface. In our consideration, chemical potentials and magnetizations in ferromagnetic insulators are respectively set to be zero and ∆.
Spin-pairing correlations can be obtained from the retarded Green's function [33, 34, 36, 37] , which is closely related to the spectral function A(E, x) = ψ(x) ⊗ ψ † (x) with ψ(x) being the wave function of the bound state [33] . And off-diagonal block A off (E, x) can be expressed as:
where σ 0 is 2×2 identity matrix, d 0 and d represent separately amplitudes of the spin-singlet and spin-triplet pairing correlations. To be specific, f 0 = d 0 is the pairing amplitude of spinsinglet correlation |↑↓ − |↓↑ ; Fig. 1(a) , a zero-energy MBS can be formed on the boundary of two-dimensional topological insulator where the gapless edge modes can be drove to open up a band gap by either ferromagnetism or s-wave superconducting pair potential due to its spin-momentum locking. The probability density ρ(x) = ψ † (x)ψ(x) of this bound state is plotted in Fig. 2 (a) as 
where i = x, y, z and τ z describes the particle-hole degree of freedom [32, 38] . We find that the x-component of spin polarization s(x) vanishes in the whole regime while zcomponent is also zero in the ferromagnetic insulator region as shown in Fig. 3(a) where the y and z components are plotted as a function of x. It shows that, in the superconductor region of x > 0, the local spin polarization of the MBS varies dramatically and exhibits a spin helix structure; while in the ferromagnetic insulator region (i.e. x < 0) the spin polarization orients along −y direction, perpendicular to the magnetization m of ferromagnetic insulator. We notice that, to our surprise, the local spin-polarization direction of MBS is the same as that of the Cooper pair near the interface, which can be obtained by
where subscript C is employed to distinguish this quantity from the spin polarization of MBS s(x) [39] . This feature strongly suggests that MBS and spin-triplet Cooper-pair correlations across the interface are two aspects of the same thing.
After understanding the spin-pairing correlations and spin polarization of the MBS, one can naturally determine the spinrelated transport property. For example, the spin-triplet pair- ing correlations can result in the selective equal-spin Andreev reflection, and the orientation of spin polarization of MBS further dominates the selective direction. Therefore, spin-related properties of MBS in FI-SC can be experimentally detected by using a transport setup displayed in Fig. 1(c) , where a ferromagnetic metal (FM) lead is connected to the FI-SC junction. The ferromagnetic metal is formed on the edge of twodimensional topological insulator where the ferromagnetism can be induced by the proximity effect of a ferromagnetic insulator and the metallic state can be induced by tuning the Fermi energy as indicated in Fig. 1(d) . Moreover, the magnetization of the ferromagnetic metal is controllable and can be changed to any direction m FM = (m x , m y , m z ). In order to utilize the electronic transport property in the junction, the length of ferromagnetic insulator should be carefully chosen. In our consideration, we set l FI = 2ξ. Figure 3 (b) displays the probability of Andreev reflection T AR as a function of excitation energy E for different m FM . One can see that the zero-energy MBS leads to resonant Andreev reflection at E = 0, with a finite width of peak due to the weak coupling between the lead and superconductor through the ferromagnetic insulator (cf. Fig. 1(d) ). It is noteworthy that the resonant Andreev reflection occurs for different m FM since it is determined by a joint effect between the spin-flip scattering and equal spin Andreev reflection occurring in ferromagnetic insulator regime as described below. In the lead, the spin of incident electron parallels to ( υ F k + + m x , m y , m z ) T , while that of Andreev reflected hole parallels to (
spins of zero-energy incident electron and reflected hole in the lead are respectively along +x and −x axis, but in the ferromagnetic insulator, these spins are flipped to y axis. Due to the spin-flip scattering, the resonant Andreev reflection exhibits a narrow peak as displayed by solid-circled line in Fig. 3(b) . For a very large m FM pointing along +y axis, spins of zeroenergy incident electron and reflected hole in the lead are both approximately along +y axis, equal spin Andreev reflection occurs for the weakest spin-flip scattering in the absence of spin flip, and the resonant Andreev reflection exhibits the widest peak as displayed by empty-circled line in Fig. 3(b) . As a comparison, for large m FM pointing along −y axis, the strongest spin-flip scattering occurs in the ferromagnetic insulator, leading to the narrowest peak of resonant Andreev reflection as displayed by green line in Fig. 3(b) . These remarkable transport signatures can be utilized to verify the presence of spin-triplet correlations and determine the spin polarization of MBS.
The spin-selective Andreev reflection in our system is different from that induced by the MBS in the vortex core of a topological superconductor, semiconductor-superconductor heterostructures or magnetic atomic chains on superconductors, where spin-selective Andreev reflection occurs only when the spin orientation of incident electron is parallel to that of MBS [31, 40] . Because in FI-SC junction the spin polarization of MBS in ferromagnetic insulator region is determined by the evanescent wavefunction in −x direction as given in above. While in FM-FI-SC junction, the wavefunction of incident electron in ferromagnetic metal lead moving along x direction is matched with the an evanescent wavefunction moving in x direction in ferromagnetic insulator, which is ψ
x . Such evanescent wavefunction has opposite spin polarization compared to that of MBS wavefunction, also in fact the MBS wavefunction is the reflected wavefunction of ψ ′ FI (x) in FM-FI-SC junction. Two Coupled Majorana Bound States-. Now, we move to the system with coupling between two MBSs at two interfaces of superconductor in FI-SC-FI junction as displayed in Fig. 1(b) . When the length of superconductor l S is finite, the wavefunctions of two MBSs are overlapped and coupled to each other with a coupling energy of E M , which split the two zero-energy MBSs into two fermionic states of energies ±E M . As displayed in Fig. 4(a) , E M decreases and oscillates with the increase of the length of superconductor l SC [17, 41] . Such oscillation can be approximated as E M ∝ e −l SC /ξ cos(µ SC l SC / υ F ), which implies that the coupling energy also oscillates as the increase of µ SC . We further plot the probability density ρ(x) for the fermionic state of E M in Fig. 4(b) as a function of x, where one can clearly see that ρ reaches the maxima at two interfaces indicating the nonlocality of the wavefunction. This character also manifest itself for the fermionic state of −E M .
Different from the single MBS, these two fermionic states possess a weak spin-singlet pairing correlation as shown in In contrast to the single MBS, the Andreev reflection probability T AR shows strong tunability by changing the chemical potential of superconductor µ SC . In Fig. 5(b) , we plot T AR as function of µ SC and energy E of the incident electron, where we find that, given µ SC , the resonant peak occurs when E is close enough to ±E M as indicated by the black dashed line. Therefore, the energy spacing of these two peaks of T AR corresponds to twice of the coupling energy 2E M . By changing µ SC , one can find that the energy spacing of these two resonance peak oscillates as shown in Fig. 5(b) , which is in agreement with the dependence of E M on µ SC . This depen- dence of T AR on µ SC provides an unambiguous evidence for the existence of MBSs by the measurement of charge conductance. Moreover, the width of the resonance peak is also spinorientation dependent as shown in Fig. 5(c) , which displays the probability of Andreev reflection T AR in the FM-FI-SC-FI junction. It is found that when m FM is positively large along the y direction, T AR provides the widest peak as shown by the red dotted line; while when m FM is negatively large along the −y direction, T AR gives the narrowest peak as shown by the green curve. The dependence of T AR on the magnetization of the ferromagnetic lead originates from the same physics as that for the FM-FI-SC junction. Therefore, the splitting of T AR peak and its dependence on the magnetization can be utilized to detect the spin-triplet correlations and spin polarization of coupled MBSs, e.g., by directly measuring the differential conductance in experiment.
Conclusions-. In summary, we show that a single zeroenergy MBS at the boundary of a two-dimensional topological insulator exhibits three types of spin-triplet pairing correlations, while for two coupled MBSs there exists an additional weak spin-singlet pairing correlation. The dominated spintriplet pairing correlations lead to nonzero spin-polarization of MBSs, which oscillates in superconducting regime while remains the same in ferromagnetic insulator regime. We find that resonance peak of selective equal-spin Andreev reflection occurs for incident electrons with any spin orientation, which however strongly influences the width of this resonance peak. A widest (narrowest) resonance-peak width occurs when an zero-energy incident electrons with spin-polarization (anti-)parallel to that of MBS in ferromagnetic insulator regime. For the coupled MBSs, the resonance peak at zero energy splits into two and the splitting oscillates periodically as the the chemical potential of superconductor changes. These phenomena can serve as unambiguous signals for experimental verification of the presence of spin-triplet correlations and to determine the spin polarization of MBSs.
